Background: Postoperative cognitive dysfunction (POCD) in elderly patients after noncardiac surgery is a common problem. The noble gas xenon has been demonstrated to exert substantial neuroprotective properties in animal studies. Therefore, this study was designed to assess POCD after xenon anesthesia in comparison to propofol in elderly patients undergoing major noncardiac surgery.
FOR years, postoperative cognitive dysfunction (POCD) was mainly regarded as a problem associated with cardiac surgery. In 1998, however, the International Study of Postoperative Cognitive Dysfunction (ISPOCD1) demonstrated POCD also after major noncardiac surgery in 26% of elderly patients (aged 60 yrs or older) 1 week after general anesthesia and in 10% even 3 months after general anesthesia. 1 In middle-aged patients (aged 40 -60 yrs), the incidence of POCD was significantly lower after 1 week and also after 3 months, when POCD had almost disappeared. 2 Recently, several independent risk factors for POCD at 3 months after major surgery have been identified, including increased age (60 yrs or older), a previous cerebral vascular incident with no residues and POCD at discharge from hospital. 3 This study also revealed that POCD at hospital discharge is associated with an increased risk of long-term cognitive problems only in elder patients. Furthermore, patients with POCD are at an increased risk to die in the first year after surgery. 3 However, different anesthetic regimes have not been evaluated in these studies.
Among the currently available anesthetic agents, especially the noble gas xenon has been shown to induce neuroprotective effects in different animal models of cerebral ischemia or neurologic dysfunction. 4 -6 In an animal model of cardiopulmonary bypass-induced neurologic and neurocognitive dysfunction, xenon administration resulted in an improved neurocognitive outcome. 4 Xenon's anesthetic action as well as its neuroprotective potential have been attributed, at least in part, to the ability of inhibiting glutamatergic Nmethyl-D-aspartate receptors, 7 which play a major role in the dissemination of acute neuronal injury. 8 Our study was designed to investigate the hypothesis that xenon anesthesia in comparison to propofol may decrease the rate of postoperative impairment and cognitive dysfunction after long-lasting major noncardiac surgery. We analyzed the incidence of early (1 and 6 days after surgery) neurocognitive impairment and intermediate (30 days after surgery) POCD in elderly patients (aged 65 yrs or older).
Materials and Methods

Study Design
The study was performed as a prospective, doubleblind, randomized pilot trial. Sealed envelopes for each patient were used for randomization. The physician performing the neuropsychological tests and the patient were blinded to the anesthetic used. 
Subject Enrollment
After approval by the institutional review board (University Kiel, Schleswig-Holstein, Germany) and written informed consent, 114 patients (aged 65 yrs or older) undergoing elective major noncardiac surgery at the University Hospital Schleswig-Holstein, Campus Kiel, between September 2006 and January 2008 were enrolled in the study. Thirteen patients were lost to follow-up. Data of 101 patients were included in the final analysis. Additional inclusion criteria were abdominal or urologic surgery under general anesthesia of more than 2 h, fluency in German, ability to read, and American Society of Anesthesiologists physical status physical status I-III. Patients were excluded from the study in case of diseases of the central nervous system, including dementia (defined as a Mini-Mental score examination [MMSE] score below 24), a current or past psychiatric illnesss, current use of tranquilizers or antidepressants, drug dependence (including alcoholism), severe visual, auditory, or motor handicap or acute infections.
Preoperative Evaluation and Neurocognitive Assessment
All patients were visited and tested the day before surgery. Demographic data were analyzed, including education, medical history, and current medication. Signs and symptoms of depression were assessed preoperatively using the Beck depression inventory, 9 and signs of dementia were investigated with the MMSE.
Neuropsychological evaluation comprised functions of the cognitive domains memory, attention, executive function, and motor skills and was performed 1 day before (baseline) and 1 day, 6 days (Ϯ 1 day), and 30 days (Ϯ 2 days) after surgery. The test battery used was based on the neuropsychological tests used in the International Studies of POCD 1 and 2 1,2 supplemented by evaluation of motor skills and verbal fluency. If patients did not perform all four neurocognitive evaluations, they were excluded from the study.
One day after surgery, Rey's auditorial verbal learning test was not performed because of time and organizational restrictions (see tables 1-3). All patients were tested by one experienced physician. At 30 days (Ϯ 2 days) after surgery, patients were visited at home (except 5 patients who were still hospitalized) to perform the final neuropsychological evaluation.
Memory was evaluated with Rey's auditorial verbal learning test (RAVLT). 10 The number of words recalled after the first, the second, and the third presentation of a 10-word list were summed up to determine a patient's short-term memory (RAVLT 1-3). A free recall after 20 min was used to evaluate long-term memory (RAVLT long term). Parallel versions of the word list were randomly used to minimize practice effects.
Attention was tested with the trail making test (TMT) part A. The patient had to connect consecutive numbers as fast as possible. The required time was measured. Furthermore, patients performed the Stroop color word 
interference test (STROOP test) by receiving a sheet of paper with the words green, blue, yellow, and red (in German) in incongruent ink colors. In the first run, the participants had to read out the words loudly, ignoring the name of the color (STROOP test No. 1). In the second run, the patients read the ink color ignoring the meaning of the word (STROOP test No. 2). We measured the reading time of both runs. Patients were also tested with the Digit symbol substitution test (DSST). Patients had to substitute defined symbols on a sheet of paper with numbers. The number of correctly substituted symbols in 90 s was counted and transformed into a score. Finally, we performed the Digit Span test. First, the patients listened to a list of 3-9 digits and had to repeat 
them correctly. In the second run, the digits had to be repeated inverse to the listening order. The total number of correctly cited digits was measured. Executive functions were quantified with the verbal fluency test (VFT), including semantic and phonetic categories. 10 These categories were pseudorandomized each time, choosing male and female first names, animals, countries, professions, hobbies, and plants for semantic categories and different alphabetical letters for phonetic fluency. The sum of all runs was scored.
Motor skills were evaluated with the Purdue pegboard test (PBT). 10 The patients had to place pegs into the appropriate slots with their preferred hand (dominant) in the first and the other hand (nondominant) in the second run. The required time was measured, and the sum of both runs was quantified.
Protocol
Patients were premedicated with 0.07-0.1 mg/kg midazolam 1 h before anesthesia. Standard monitoring for every patient included continuous registration of electrocardiogram, pulse oximetry, relaxometry, and invasive or noninvasive measurement of blood pressure (1to 5-min intervals). Moreover, Bispectral Index (version 4.0) (BIS XP sensor electrodes, Aspect Medical Systems, Norwood, MA; and BIS module, Datex-Ohmeda, Instrumentarium Corp., Helsinki, Finland) as well as State and Response Entropy (M-entropy module, Datex-Ohmeda, Instrumentarium Corp.) were recorded. The measurement of the electroencephalogram-derived parameters was performed by the manufacturer's standard electrodes mounted side by side on the patient's temporalfrontal forehead after careful skin preparation. Their position was pseudorandomized by flipping a coin to avoid brain hemispheric effects. Smoothing time was set to a 15-s interval for the BIS. The moving frequencyrelated time windows for entropy calculation were 15-60 s and 2-15 s for State Entropy and Response Entropy. Sampling rate for the raw electroencephalogram was 256 Hz for BIS and 400 Hz for entropy. Electrode impedances were considered as acceptable if less than 10 k⍀ for BIS and 7.5 k⍀ for entropy. The signal quality index of the BIS sensor was checked every 10 min to ensure appropriate signal quality. BIS was used as additional monitoring and not primarily for guidance of anesthesia according to a defined target value. However, a patient safety algorithm monitoring was performed. In case of BIS levels of more than 60 during maintenance of anesthesia, a rescue medication (propofol bolus 0.5 mg/ kg) would be administered to guarantee a sufficient depth of anesthesia. These patients had to be excluded from the study because the study design did not allow any supplementary anesthetic in both groups.
Anesthesia was induced in all patients with 0.2-0.4 mg/kg etomidate and 0.3-0.5 g/kg sufentanil. Tracheal intubation was facilitated with 0.6 mg/kg rocuronium followed by at least 10 min of denitrogenization with 100% O 2 . Anesthesia was maintained with 0.1-0.2 mg/kg bolus etomidate during denitrogenization. Afterwards, patients were randomly assigned to receive anesthesia with either xenon (60% in O 2 ) using a closedcircuit anesthesia machine (Physioflex; Draeger, Luebeck, Germany) or propofol (Propofol-Lipuro 1%; Braun, Melsungen, Germany) (as target controlled infusion; target plasma level, 2-4 g/ml plasma) and sufentanil. An Alaris Asena PK target controlled infusion pump (software version 3.2.15; Alaris Medical Systems, Baesweiler, Germany) was used to infuse propofol. Target plasma concentrations were estimated by the target controlled infusion pump based on the Marsh model. 11 Xenon in medical quality was provided by Air Liquide (Duesseldorf, Germany). The inspiratory fraction of oxygen in both groups was 35 Ϯ 2%. An increase in systolic blood pressure or heart rate by more than 20% from baseline (10 min after the end of the denitrogenization period) was treated with 10-g bolus of sufentanil. If the surgical procedure required muscle relaxation, additional 10-mg boluses of rocuronium were given. At the end of surgery, patients received neostigmine to reverse muscle relaxation if train-of-four relaxometry revealed a train-of-four ratio less than 0.9. Vasoactive drugs could be administered during anesthesia if required at the decision of the attending anesthesiologist. Every patient received 1 g of metamizole IV 15 min before end of surgery. Administration of anesthetics was stopped when all surgical interventions were completed. Extubation was performed when the patient breathed spontaneously and opened eyes on command. If necessary, 3.75-7.5 mg of piritramide was administered. After extubation, the patient was transferred to the postanesthesia care unit. After patients were discharged from postanesthesia care unit, pain therapy was performed by a patientcontrolled analgesia device for IV infusion of 1.5-to 2-mg bolus of piritramide. The patients were evaluated daily with a numeric rating scale to quantify pain intensity.
Statistical Analyses
Statistical analyses were performed using commercially available statistics software (SPSS for Windows, version 11.5, SPSS Inc., Chicago, IL; GraphPad Prism 5.0, GraphPad Software, San Diego, CA).
Values between groups were compared using un- 12 We applied the definition of POCD, which has been used by previous studies investigating cognitive changes after different surgical procedures. [13] [14] [15] A cognitive change was assumed if the preoperative to postoperative difference in 2 or more tasks assessing different cognitive domains exceeded more than one SD (table 3) . To analyze how many patients of each group cognitively declined or potentially improved, we calculated the SD of each preoperative test on the basis of all patients. Due to a lacking control group, the influence of learning effects on neurocognitive testing could not be analyzed. Therefore, the evaluation of cognitive decline or improvement was limited to a between-group comparison.
Finally, we calculated a standardized change score (postoperative test result subtracted from preoperative [baseline] test result divided through the test specific preoperative SD) for each patient. This score indicates the individual change in performance. If appropriate, we changed the algebraic sign so that positive changes indicate improvement, whereas negative signs reflect deterioration. We calculated the sum of standardized change scores of all tests and compared the patients of the xenon group to the patients of the propofol group by a one-way analysis of variance.
The primary outcome was the mean probability of a reduction of POCD as defined in our study in the xenon group 30 days after surgery. Sample-size calculation was based on two previous studies investigating POCD after xenon versus propofol or desflurane anesthesia. 16, 17 However, both did not reveal significant differences. Furthermore, sample-size calculation was based on in vitro and in vivo animal studies demonstrating rather large neuroprotective effect sizes in different models of neuronal injury. 4, 5, 18 Therefore, we made the reasonable assumption that the incidence of POCD could be reduced from 30% in the propofol group to 10% in the xenon group, and we tripled the number of patients enrolled compared to previous studies. For a power of 80% and an ␣-error of 5%, a total of 49 patients in each group was calculated. To compensate for dropouts, we enrolled 57 patients in each group. This power analysis, including the underlying assumption that was not based on ideal empirical basis, should be regarded as a starting point to recruit a sample for further investigation of this issue.
Results
There were no significant differences between groups with respect to operative and demographic data and to perioperatively and postoperatively administered analgesics or postoperative pain intensity (tables 4 and 5).
A total of 13 of 114 patients were lost to follow-up (6 patients of the xenon group; 7 patients of the propofol group), so 101 patients were analyzed. The reasons for loss to follow-up neurocognitive assessment are presented in table 6. No significant differences of the preoperative test results (baseline) were detected between study groups. Furthermore, no significant differences of the duration of the preoperative and postoperative hospitalization of patients were detected between study groups (table 7) .
Neurocognitive Changes 1 Day after Treatment Compared to Baseline Results
In two or more tests of different cognitive domains, 22 patients of the xenon group (44%) versus 25 patients of the propofol group (50%) showed cognitive deterioration (table 1, 2). However, one patient of the xenon 
Neurocognitive Changes 6 Days after Treatment Compared to Baseline Results
Six days after treatment, the complete comprehensive test battery was tested, including the RAVLT to investigate the cognitive domain memory. Six patients of the xenon group (12%) versus 9 patients of the propofol group (18%) showed neurocognitive impairment (95% CI -0.08 -0.31), whereas 7 xenon patients and 8 propofol patients improved. Standardized change scores did not differ significantly.
Neurocognitive Changes 30 Days after Treatment Compared to Baseline Results
One month after treatment, POCD according to our definition was recognized in 3 patients of the xenon group (6%). On the other hand, 11 xenon-patients (22%) showed improved performance. In the propofol group, 6 patients (12%) deteriorated compared with baseline values, whereas 8 patients (16%) improved (95% CI -0.06 -0.42). Again, neither these differences nor the summarized change scores of all performed tests were significant between groups.
Hemodynamic Data and BIS Values
Before induction of anesthesia, baseline values of heart rate, mean arterial blood pressure, BIS, entropy, and oxygen saturation were not different between the xenon and the propofol group.
Heart rate was significantly lower in the xenon group 15, 30, 45 min (P Ͻ 0.001), and 90 min (P ϭ 0.039) after induction of anesthesia, whereas heart rate in the propofol group decreased 5 min after extubation compared to the xenon group (P ϭ 0.001). Mean arterial blood pressure in the xenon group was higher than in the propofol group 15 and 30 min (P ϭ 0.001) and 45 min (P ϭ 0.016) after induction of anesthesia. These differences disappeared later. The amount of vasoactive drugs used was comparable in both groups. No differences between groups were found when analyzing BIS ( fig. 1 ) and oxygen saturation values. The analysis of entropy values was not possible because of technical problems with loss of data.
Discussion
In our study, we did not detect significant differences comparing the neurocognitive function after xenon versus propofol anesthesia in elderly patients. One day after treatment, 47% of the patients showed neurocognitive impairment as defined in our study. Six days after treatment, POCD was recognized in 15% of the patients enrolled, whereas this rate decreased to 9% 30 days after surgery. Hemodynamic data between groups were significantly different. During maintenance of anesthesia, mean arterial blood pressure was increased, whereas heart rate was decreased in the xenon group compared with the propofol group.
POCD is not only associated with cardiac surgery, but it is also a common problem of noncardiac surgery. However, definition and assessment of POCD are still inconsistent, and the reported incidence ranges between 7% and 71% 7-9 days after surgery 19, 20 and between 6% and 56% 42-84 days after surgery. 2, 20, 21 Independent risk factors for POCD after major surgery have been recently detected, including increasing age or a history of a previous cerebral vascular accident. 3 Several studies investigated the influence of different anesthetic techniques on the incidence of POCD, e.g., intravenous versus inhalational anesthesia or general versus regional anesthesia. 22, 23 Though Rasmussen et al. found no difference in the incidence of cognitive dysfunction after regional versus general anesthesia 3 months after surgery, there may be a decreased incidence of POCD early after surgery. 23 In agreement with these results, Papaioannou et al. demonstrated a more frequent cognitive impairment in patients who received general anesthesia versus regional anesthesia during the first 3 postoperative days. 24 However, there is still no evidence for an advantage of volatile or intravenous anesthetics, regarding intermediate or long-term postoperative cognitive impairment after noncardiac surgery. 
The noble gas xenon is associated with rapid emergence and early recovery from anesthesia and therefore may be beneficial to prevent neuronal damage and to reduce neurocognitive impairment after surgery. Neuroprotective properties of xenon have been clearly demonstrated in various in vitro and in vivo studies of neuronal injury and cerebral ischemia. In vitro, xenon concentration-dependent reduced neuronal injury induced by N-methyl-D-aspartate, glutamate, or oxygen deprivation. 5 In vivo studies in rats revealed xenon to decrease N-methyl-D-aspartate induced neuronal injury. 25 Moreover, Schmidt et al. demonstrated that xenon attenuates cerebral damage after ischemia following cardiac arrest in pigs. 6 Neuroprotective properties may ideally result in reduced postoperative neurocognitive impairment. Ma et al. studied the effect of xenon on cardiopulmonary bypass induced neurologic dysfunction in rats and demonstrated an attenuation of these impairments by xenon. 4 In humans, especially in elder patients with a higher incidence of POCD, 1 so far there is no evidence for an effect of xenon on postoperative neurocognitive impairment. Coburn et al. compared emergence and early cognitive function (Ͻ 72 h after surgery) in 38 patients aged 65 to 75 yrs after xenon or desflurane anesthesia. In agreement with our results, these authors found no differences between groups regarding POCD. Faster emergence was recognized in the xenon group, but POCD was not evaluated beyond 72 after surgery 17 (table 8) .
In our study, we compared xenon with propofol instead of another volatile anesthetic. In different animal models of cerebral ischemia, neuroprotective properties of propofol comparable to xenon were described. 26 -28 Furthermore, in a previous trial investigating patients' self-evaluation 4 -12 weeks after xenon versus propofol anesthesia, no differences in early orientation and the satisfaction with either anesthetic regimen were found. 29 However, self-evaluation (e.g., with questionnaires) has been criticized due to only poor correlation with the results of neuropsychological testing. 15 Rasmussen et al. compared xenon and propofol for supplementary general anesthesia in 35 patients undergoing knee replacement in spinal anesthesia. No difference was detected in cognitive function between the third and fifth days and 3 months postoperatively (table  8) . However, the authors admitted that this may be attributed to insufficient sample-size rather than the absence of a true difference. 16 Therefore, to our opinion, propofol was the most appropriate and interesting anesthetic agent for a comparison with xenon. 
One problem of studies investigating POCD is the inconsistent definition of this term and its methods of assessment. Therefore, the results of different studies cannot be compared easily. We adopted a definition similar to those previously used in the ISPOCD 1 and 2 studies. 1, 2 In these studies, individual changes of each patient compared to baseline pretreatment values were analyzed. Furthermore, a z-score evaluation as a composite score for a comparison with an age-matched control population was added. We were mainly interested in comparing two anesthetic regimes, so we did not include an additional control population in our analysis. However, we calculated standardized change scores, indicating individual changes of patients. In contrast to other studies, our definition of POCD required deterioration of more than 1 SD in 2 or more tests assessing different cognitive domains after a recommended restrictive definition of cognitive dysfunction. 15 In comparison to previous studies investigating POCD in elder patients, the incidence of POCD in our study 6 days (15%) and 30 days after surgery (9%) was relatively low. Several studies in which a standardized change score (z-score) was applied for patient assessment revealed cognitive decline in 6.8% to 32.7% of patients 7 days after surgery depending on type of surgery, patients' age, and neurocognitive testing. 1, 2, 19, 30 Ancelin et al. analyzed POCD in elderly patients 42 days after surgery. Cognitive deterioration was realized in 56% of patients if deterioration in one of 21 scores was regarded and in only 11% of patients if deterioration in four or more scores was regarded. 20 Once more, these differences emphasize the importance of consistent interpretation of data and standardized criteria for cognitive decline.
Several reasons for the relatively low incidence of POCD and the lack of improved neurocognitive performance in the xenon group in our study have to be discussed. First, a low sensitivity of neurocognitive testing may be hypothesized. On the other hand, our assessment revealed a large number of patients who improved neurocognitive performance, indicating that the sensitivity of the test battery was sufficient.
Interestingly, more patients showed improved rather than deteriorated neurocognitive function independent from the anesthetic regimen 30 days after surgery. However, this result is limited by the fact that no additional control group was analyzed to control for learning or time-dependent effects. Nevertheless, it may indicate neurocognitive and possibly also psychological impairment before major surgery. Possibly, neuropsychological baseline testing should have been performed earlier than 1 day before surgery, which was required for administrative and organizational reasons in our study.
Second, our definition of cognitive decline was relatively strict. Furthermore, both xenon and propofol are modern anesthetics that enable rapid emergence and recovery from anesthesia. This may explain a reduced incidence of POCD compared to previous studies evaluating POCD after anesthesia with traditional anesthetics. Finally, a low absolute incidence of POCD, as found in our study, decreases the probability to detect differences between anesthetic groups.
Furthermore, 13 of 114 enrolled patients (11%) were lost for final analysis because of different reasons (table  6) . Although these patients were equally allocated to both treatment groups, the missing data had probably influenced our results by an undetermined effect on the observed event rates.
Some limitations of our study must be noted. Motivation of the patients 1 day after surgery was limited, so we decided to perform an incomplete neurocognitive test battery at that time. Therefore, POCD assessing four different cognitive domains was only evaluated 6 days and 30 days after surgery, whereas only three cognitive domains were tested 1 day after surgery.
The design and statistical power of our study as a pilot study did not allow for definitive conclusions regarding a reduction of cognitive dysfunction by xenon. This is emphasized by the increasing 95% CIs for the event rates of POCD from the first postoperative testing 1 day after surgery (95% CI -0.09 -0.19) to the second testing after 6 days (95% CI -0.08 -0.31) and the final testing after 30 days (95% CI -0.06 -0.42), indicating a noticeable uncertainty in the present results and challenging their clinical significance. Nevertheless, the increasing asymmetry of the 95% CIs denotes a trend towards an advantage in the xenon group. On the basis of our data, however, the number of patients needed to treat with xenon to prevent one patient from POCD is quite high (approximately 17). Therefore, further studies with more statistical power are needed to convincingly demonstrate a decreased rate of POCD after xenon anesthesia.
Regarding our results, the assumption of a 20% reduction of POCD in the xenon group was too optimistic. On the other hand, the high costs of a xenon anesthesia in comparison to propofol may be justified only by a clinically relevant reduction of the incidence of POCD. Moreover, previous in vitro and in vivo studies investigating xenon effects in different models of neuronal injury revealed substantial neuroprotective properties, suggesting potential neuroprotection or neurocognitive benefit in clinical settings, too. 4, 5, 18 Finally, comparable BIS values were observed in both groups. However, this did not automatically guarantee a comparable depth of anesthesia and a similar dosing of anesthetics. The BIS algorithm was developed empirically on electroencephalogram data of patients receiving common anesthetics such as propofol or isoflurane; therefore, its validity for xenon is debatable. 31 Also, Laitio et al. found that BIS and entropy performed well during xenon anesthesia after steady state was achieved, but there were delays in the detection of the actual clinical state during induction and emergence. Interestingly, xenon-induced changes in electroencephalogram closely resemble those induced by propofol. 33 Nevertheless, in our study BIS was only used as a monitoring parameter and not as a target parameter to titrate anesthetics according to a defined value or range. Therefore, we abstained from permanent adjustments of the inspiratory xenon concentration to avoid a strong increase of xenon consumption associated with higher costs, an unrealistic perspective for future applications. On the other hand, these adjustments were simply not necessary to perform a stabile and consistent xenon anesthesia.
In conclusion, in elderly patients undergoing major noncardiac surgery, we could not demonstrate significant differences in postoperative neurocognitive function 1 day, 6 days, and 30 days after surgery between a xenon-based and a total intravenous anesthetic regimen. Previously demonstrated neuroprotective properties of xenon did not result in a reduced incidence of POCD in comparison to propofol. A trial with more statistical power is needed to definitively answer the question regarding neuroprotective properties of xenon in daily clinical practice.
